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Summary
Starvation activates MAPK in the pharyngeal muscles of C. elegans through a muscarinic acetylcholine receptor, Gqa, and
nPKC as shown by the following results: (1) Starvation causes phosphorylation of MAPK in pharyngeal muscle. (2) In a sen-
sitized genetic background in which Gqa signaling cannot be downregulated, activation of the pathway by a muscarinic ag-
onist causes lethal changes in pharyngeal muscle function. Starvation has identical effects. (3) A muscarinic antagonist
blocks the effects of starvation on sensitizedmuscle. (4) Mutations and drugs that block any step of signaling from themus-
carinic receptor to MAPK also block the effects of starvation on sensitized muscle. (5) Overexpression of MAPK in wild-type
pharyngeal musclemimics the effects ofmuscarinic agonist and of starvation on sensitizedmuscle. We suggest that, during
starvation, the muscarinic pathway to MAPK is activated to change the pharyngeal muscle physiology to enhance ingestion
of food when food becomes available.Introduction
InC. elegans, starvation causes a variety of changes in develop-
ment, longevity, and behavior. Starvation of newly hatched lar-
vae causes arrest in the L1 (first larval) stage. If starvation hap-
pens in the L2 stage, worms can choose an alternative form
called the dauer, which can survive long-term starvation
(Riddle et al., 1981). Thermotaxis and chemotaxis studies
show that worms learn to associate environmental cues such
as temperature or smell not only with presence of food but
also with absence of food (starvation), so as to actively
avoid starvation (Hedgecock and Russell, 1975; Saeki et al.,
2001).
The C. elegans feeding organ, the pharynx, also changes its
behavior during starvation. In wild-type worms, feeding occurs
when the pharyngeal muscle contracts and relaxes (pumps) to
take in bacteria as food. This feeding behavior, pumping, is con-
trolled by the worm’s internal feeding status. During short
periods (e.g., 6 hr) of starvation, the pumping rate gradually in-
creases, as if worms sample the environment in order to in-
crease their chance of ingesting food (Avery and Horvitz,
1990). Food quality also controls pumping rate. Food quality is
defined operationally by two criteria: high-quality food supports
growth better than poor quality food, and given a choice, worms
prefer the food that best supports growth (Shtonda and Avery,
2006). Low-quality food that starves worms increases pumping
rate, while high-quality food decreases pumping rate (data not
shown). These findings suggest that there is a signal generated
in response to starvation to change the animal’s behavior. But
neither the identity of the signal nor the pathway through which
it acts has been fully defined.CELL METABOLISM 3, 237–245, APRIL 2006 ª2006 ELSEVIER INC. DOOne starvation-induced signal in other systems is activation of
the MAPK (mitogen-activated protein kinase) pathway (Malone,
1990; Roberts and Fink, 1994). In yeast, starvation induces
pseudohyphal growth, allowing them to invade the substrate
so as to forage actively for nutrients. Constitutive activation of
the MAPK pathway enhances this growth (Gimeno et al., 1992;
Roberts and Fink, 1994), suggesting a fundamental role of the
pathway in response to starvation.
Muscarinic receptors are G protein-coupled acetylcholine
receptors, whose roles in smooth muscle contractibility, heart
hypertrophy, and neuronal plasticity, as well as in controlling
food intake, are known (Bartus et al., 1982; Wess et al.,
2003). One of the widely studied downstream pathways is
the MAPK pathway (Berkeley et al., 2001; Hamilton and Na-
thanson, 2001). The C. elegans pharyngeal muscle contracts
upon acetylcholine release from the MC motor neurons
(McKay et al., 2004; Raizen et al., 1995). Fast and precisely
coordinated pumping is critical for the competition in the nat-
ural environment, allowing them to eat as much as possible of
the available food, so as to grow faster and leave more prog-
eny than worms that pump slowly or with poor coordination.
Our previous studies showed that acetylcholine is the critical
neurotransmitter not only to effect fast pumping through
nicotinic receptors but also to regulate pumping through mus-
carinic receptors (Raizen et al., 1995; Steger and Avery,
2004).
In this study, we show that starvation activates muscarinic
signaling to MAPK and that this starvation signal alters pharyn-
geal muscle function.We propose that one purpose of the signal
is to change pharyngeal muscle physiology to enhance inges-
tion of food when it becomes available again.I 10.1016/j.cmet.2006.02.012 237
A R T I C L EResults
Starvation and a muscarinic agonist activate MPK-1
in pharyngeal muscle
MPK-1 is the C. elegans ortholog of mammalian ERK1/2. It
shares 88% sequence identity with ERK2 (Wu and Han, 1994).
In order to study MPK-1 function in pharyngeal muscle, we gen-
erated transgenic worms that expressed GFP fused to MPK-1
under the control of the pharyngeal muscle specific myo-2 pro-
moter (Okkema et al., 1993). To block the harmful effects of
MPK-1 overexpression (described below), thempk-1::gfp trans-
gene carried a K57R mutation to inactivate the kinase. Pharyn-
geal MPK-1::GFP, which could be distinguished from endoge-
nous MPK-1 by its size, was activated after 3 hr of starvation
(Figure 1A).
The muscarinic agonist arecoline activated pharyngeal mus-
cle MPK-1. Two other drugs that affect feeding, nicotine and se-
rotonin, did not (Figure 1B). Activation of MPK-1 by either star-
vation or arecoline was blocked by the muscarinic antagonist
atropine, suggesting that starvationmight causemuscarinic sig-
naling to activate MPK-1 in the pharyngeal muscle (Figures 1C
and 1D). Starvation and arecoline also activated endogenous
MPK-1, indicating that the activation is physiological (Figure S1
in the Supplemental Data available with this article online).
gpb-2 mutants are sensitive to starvation
and to excessive muscarinic signaling
To test the hypothesis that starvation might cause muscarinic
signaling, we used gpb-2 mutants as a sensitized background.
gpb-2 mutants are hypersensitive to excessive muscarinic sig-
naling, due to the lack of a negative regulator of Gqa signaling
(Robatzek et al., 2001). Steger and Avery (2004) have shown
that gar-3, a muscarinic receptor coupled to Gqa, is upstream
of gpb-2 for this hypersensitivity: treatment of gpb-2 with
5 mM arecoline causes hypercontraction of the pharyngeal
muscle and subsequent lethality through gar-3 and Gqa.
If starvation activates muscarinic signaling, then starvation,
like muscarinic agonists, should kill gpb-2 worms. In fact, after
3 days of starvation, 70% of gpb-2 L1s couldn’t recover in the
presence of food (Figure 2A). They failed to grow and eventually
died. In contrast, 99% of wild-type worms survived and grew.
Addition of food during incubation completely blocked the le-
thality, excluding the possibility that liquid cultivation affected
the viability of gpb-2 mutants and confirming that starvation
was the cause of the defect. gpb-2mutants have a mild feeding
defect, but this doesn’t explain their inability to recover from
starvation. eat-4mutants, which have a feeding defect of similar
severity (Lee et al., 1999a), didn’t show sensitivity to starvation
(data not shown).
Starvation and arecoline treatment result in the identical
pharyngeal phenotypes in gpb-2 mutants
gpb-2 mutants recovering on food after 3 days of starvation
showed the same phenotype (Figures 3B and 3C) as gpb-2 after
24 hr of arecoline treatment (Figures 3D and 3E): the grinders (in-
dicated by arrows Figures 3A–3E) were stuck open and there
were unground bacteria in the intestine, as indicated by fluores-
cence from GFP-expressing E. coli (compare Figures 3G, 3J,
and 3M). This open conformation is only seen very briefly and
transiently in the wild-type during pharyngeal muscle contrac-
tion. Thus gpb-2 pharyngeal muscle was hypercontracted and238couldn’t relax. In contrast, the wild-type grinder was in the fully
relaxed and closed conformation (Figure 3A) and there were no
unground bacteria in the intestine. Because the grindermechan-
ically breaks bacteria, the presence of unground bacteria in the
intestine is consistent with the grinder defect of gpb-2 mutants
after starvation or arecoline treatment. Thus, both arecoline
and starvation caused identical pharyngeal muscle hypercon-
traction, which could cause lethality.
Small bacteria aggravate the lethality
To test whether pharyngeal muscle abnormality and unground
bacteria cause the starvation-induced lethality of gpb-2
Figure 1. Starvation and a muscarinic agonist activate pharyngeal muscle MPK-1
A) Activation of pharyngeal muscle MPK-1 in synchronized wild-type young adults
starved for the indicated times. Three hours of starvation activated pharyngeal
muscle MPK-1 as detected by phospho-specific anti-MPK-1 antibody (p-MPK-
1::GFP). MPK-1::GFP is shown as loading control.
B) Activation of pharyngeal muscle MPK-1 in synchronized wild-type young adults
treated with various chemicals. Thirty minute treatment with 1 mM and 5mM arec-
oline activated pharyngeal muscle MPK-1 (lanes 2 and 4), but neither 5 mM nico-
tine (lane 5) nor 10 mM serotonin (lane 6) did. Cotreatment with 100 mM U0126
blocked activation of MPK-1 by 1 mM arecoline (lane 3).
C) Starvation-induced pharyngeal muscle MPK-1 activation was inhibited by
10 mM atropine treatment during starvation. Lane 1: no starvation, lane 2: no star-
vation + 10 mM atropine, lane 3: 3 hr of starvation, lane 4: 3 hr of starvation +
10 mM atropine.
D) Arecoline-induced pharyngeal muscle MPK-1 activation was inhibited by
cotreatment with 10 mM atropine. Lane 1: control, lane 2: 1 mM arecoline +
10 mM atropine, lane 3: 1 mM arecoline.CELL METABOLISM : APRIL 2006
A starvation signal in C. elegansFigure 2. gpb-2 mutants are sensitive to starvation
due to defect in pharyngeal muscle
A) Percent of worms recovering (shown as ‘‘% that
grow’’) on E. coli seeded plates after incubation in
M9 buffer for the indicated time (see Experimental
Procedures): gpb-2 with (A) or without (:) food
were compared to wild-type without food (-). After
3 days of starvation, about 70% of gpb-2 mutants
were not able to recover. This lethality is caused by
starvation, because it was rescued by addition of
food during incubation. Error bars represent SEM.
B) Effect of bacterial size during recovery on the sur-
vival rate of starved gpb-2mutants. Small size bacte-
ria (Comamonas) worsened survival of gpb-2 com-
pared to larger size bacteria (E. coli).
C) Pharyngeal muscle targeted GPB-2 rescued star-
vation sensitivity of gpb-2 mutants. About 86% of
transgenic worms expressing wild-type GPB-2 only
in pharyngeal muscle recovered on Comamonas
seeded plates after 3 days of starvation. About 2%
of nontransgenic siblings recovered. Data were ob-
tained from two independent experiments. Error
bars represent SEM.
D) Pharyngeal muscle targeted GPB-2 rescued arec-
oline sensitivity of gpb-2 mutants. About 83% of
transgenic worms expressing wild-type GPB-2 only
in pharyngeal muscle recovered from treatment
with 5 mM arecoline. None of nontransgenic siblings
recovered. Data were obtained from two indepen-
dent experiments. Error bars represent SEM.mutants, we used two different sizes of bacteria as food during
recovery. For normal worms, Comamonas bacteria are easy to
eat because of their small size (Avery and Shtonda, 2003). Mu-
tants with grinder defects, in contrast, do not grow better onCo-
mamonas (S. Straud, personal communication). Since the
grinder can’t grind bacteria efficiently when it is either mal-
formed or hypercontracted, small bacteria would be passed
more easily into the intestine unground, leading to failure to ab-
sorb nutrients, which could contribute to lethality. Unstarved
gpb-2 mutants grow on Comamonas as well as on E. coli
(data not shown). However, after 3 days of starvation, less
than 5% of gpb-2 mutants grew on small bacteria (Comamo-
nas), while on the larger bacteria (E. coli), about 30% of gpb-2
mutants grew (Figure 2B). The anterior intestine of the worms
that failed to grow on Comamonaswas full of unground bacteria
(data not shown). This result indicates that the size of food af-
fects the viability, suggesting that the defect in pharyngeal func-
tion is the primary cause of the lethality. We suspect that the fail-
ure of starved gpb-2 mutants to survive is due to their inability
to extract nutrients from unground bacteria, not to pathogenic
effects of unground bacteria in the intestine, because UV-killed
E. coli or Comamonas didn’t enhance the recovery rate
(Figure S3).
Pharyngeal muscle targeted gpb-2 rescues the lethality
To confirm that a defect in pharyngeal muscle is the cause of the
lethality, we generated a transgenic line that expressed wild-
type GPB-2 only in the pharyngeal muscle using myo-2 pro-
moter (Okkema et al., 1993). The transgenic line rescued both
starvation sensitivity and arecoline sensitivity of gpb-2 mutants
(Figures 2C and 2D). After 3 days of starvation, about 87% of
transgenic worms survived on Comamonas, while only 2% of
nontransgenic siblings survived (Figure 2C). For arecoline treat-CELL METABOLISM : APRIL 2006ment (5mM), about 83%of transgenic worms survivedwhile 0%
of nontransgenic siblings did (Figure 2D).
Overexpression of MPK-1 in the pharyngeal muscle
phenocopies the feeding defect of starved
gpb-2 mutants
In Figure 1, we showed biochemically that pharyngeal muscle
MPK-1was a downstream target of both starvation and musca-
rinic signaling. Not surprisingly, arecoline caused more activa-
tion of endogenous MPK-1 in gpb-2 mutants than in wild-type
(Figure 4A). Could hyperactivation of MPK-1 in gpb-2 pharyn-
geal muscle be the cause of hypercontraction and lethality
caused by starvation and muscarinic agonist? To test this
idea, we overexpressed wild-type MPK-1 in pharyngeal muscle.
Five independent transgenic lines showedsymptomsof a severe
feeding defect, such as L1 arrest, slow growth rate, and a se-
verely starved appearance. Moreover, video recording showed
that MPK-1 overexpression phenocopied the abnormal grinder
movement and unground bacteria phenotypes of starved or
arecoline treated gpb-2 (compare Figures 4B and 4C). Similar
transgenic lines carrying a K57R mutation to inactivate the ki-
nase activity of MPK-1 did not show this feeding defect (data
not shown). Thus the feeding defect, probably caused by grinder
hypercontraction, is caused by the kinase activity of MPK-1.
Blocking muscarinic signaling rescued gpb-2 sensitivity
to starvation as well as to arecoline
We took pharmacological and genetic approaches to further
test whether the muscarinic signal is a starvation signal. Treat-
ment with the muscarinic antagonist atropine during starvation
rescued the starvation sensitivity of gpb-2, confirming that mus-
carinic receptors mediate the signal (Figure 5B: gpb-2 + atro-
pine). In this experiment, we blocked muscarinic signaling only
during starvation, not during recovery. Thus, the muscarinic239
A R T I C L EFigure 3. Starvation and arecoline treatment cause the identical defect in pharyngeal muscles in gpb-2 mutants
A) A wild-type pharynx after 3 days of starvation as an L1 followed by recovery on E. coli seeded plates for 5 hr. The arrow indicates the grinder, a set of three wing-shaped
plates in the terminal bulb. (Only two of the plates are visible in a single focal plane.) In this picture, the wild-type grinder shows a closed conformation. The plates of the
grinder were fully relaxed. (A–E) Each inset is a schematic drawing of the grinder shape.
B and C) Terminal bulb and grinder plates (arrow) of gpb-2mutants after 3 days of starvation as L1s followed by recovery on E. coli seeded plates for 5 hr. As illustrated in
the insets, the grinders were hypercontracted and open. There is a range of extent of hypercontraction from full opening (B) to persistent contraction (C).
D and E) Terminal bulb and grinder plates (arrow) of gpb-2mutants after 24 hr exposure to 5 mM arecoline on E. coli seeded plates. The same types of hypercontraction
were observed. Full opening (D) and persistent contraction (E) of grinder muscle morphology are almost identical to those of 3 day-starved gpb-2 after refeeding. (Compare
[D] to [B] and [E] to [C]).
F–H) A gpb-2mutant after 3 days of starvation as an L1 followed by recovery on GFP-expressing E. coli seeded plates for 5 hr. (F) Differential interference contrast image of
the whole worm. (G) Green fluorescence image of (F). Fluorescence indicates unground bacteria in the pharynx and intestine. (H) Overlay of (F) and (G).
I–K) A gpb-2 mutant after 24 hr of exposure to 5 mM arecoline on GFP-expressing E. coli seeded plates. (I) Differential interference contrast image of the whole worm.
(J) Green fluorescence image of (I). Fluorescence indicates unground bacteria in the pharynx and intestine. (K) Overlay of (I) and (J).
L–N) Awild-type control after 3 days of starvation as L1 followed by recovery onGFP-expressing E. coli seeded plates for 5 hr. (L) Differential interference contrast image of
the whole worm. (M) Green fluorescence image of (L). Very little fluorescencewas detected from trapped GFP bacteria in the anterior terminal bulb of the pharynx and auto-
fluorescence. (N) Overlay of (L) and (M).signaling that causes lethality occurs during starvation, not dur-
ing recovery. To find out which muscarinic receptor is responsi-
ble for the starvation-induced lethality in gpb-2, we took a
genetic approach. C. elegans has three known muscarinic re-
ceptor genes, gar-1, gar-2 and gar-3 (Lee et al., 1999b). gar-2;
gar-3; gar-1 triple knock out mutants rescued starvation-
induced lethality of gpb-2 to a similar extent as a gar-3 single
mutant (Figure 5A). This result is consistent with our previous re-
sults that GAR-3, but not GAR-1 or GAR-2, is responsible for the
arecoline hypersensitivity of gpb-2 mutants (Steger and Avery,
2004). Also, this result shows that both starvation and arecoline
kill gpb-2mutants at least in part through a muscarinic receptor240GAR-3, thus confirming that a muscarinic receptor mediates the
starvation signal. Gqa mutation egl-30 fully suppressed the ef-
fects of starvation of gpb-2 both on E. coli and on Comamonas
(Figure 5B), confirming the interaction between the muscarinic
receptor and Gqa in starvation signaling.
Atropine rescued gpb-2 onComamonasmore effectively than
muscarinic receptor mutants (Figure 5B). This might suggest
that GAR-3 muscarinic receptor function during recovery helps
to adjust the pharyngeal muscle to different sizes of bacteria, or
that an uncharacterized receptor other than GAR-1, GAR-2, or
GAR-3 contributes to starvation-induced lethality (Putrenko
et al., 2005).CELL METABOLISM : APRIL 2006
A starvation signal in C. elegansFigure 4. Overexpressing MPK-1 in the pharyngeal
muscle phenocopies the grinder defect in starved
gpb-2 mutants
A) Hyperactivation of MPK-1 in gpb-2 mutants.
Young adults of wild-type (lane 1–3) and gpb-2
worms (lane 4–6) were treated with no arecoline
(0 mM: lanes 1 and 4) or arecoline at two different
concentrations, 0.1 mM (lanes 2 and 5) or 1 mM
(lane 3 and 6), as indicated. In gpb-2 mutants,
MPK-1 was more activated by treatment with either
0.1 mM or 1 mM arecoline (lanes 5 and 6, respec-
tively), compared to wild-type (lanes 2 and 3, respec-
tively). Quantitation indicated 2.9-fold more increase
in the band intensity in gpb-2mutants compared to in
wild-type (data not shown).
B) Terminal bulb and grindermuscle (arrow) of awild-
type worm. The grinder was closed and there were
no unground bacteria in the intestine.
C) Terminal bulb and grinder muscle (arrow) of
a MPK-1 overexpressing worm. The grinder stayed
open and there were unground bacteria in the intes-
tine. Unground bacteria in the anterior intestine are
visible by their textured appearance (circled region).
(For comparison, the dotted circle outside the worm
also shows unground bacteria.) Unground bacteria
are more clearly visible in the video segment (see
Supplemental Data).Figure 5. Blocking muscarinic signaling rescues gpb-2 sensitivity to starvation
A) Percent recovery of gpb-2; gar-3 or gpb-2; gar-1; gar-2; gar-3 on E. coli seeded
plates after 3 days of starvation. The triple-knockout mutant did not show en-
hanced rescue effect compared to the gar-3 single mutant.
B) Percent recovery of double mutants of gpb-2 with muscarinic receptor muta-
tions gar-3 or Gqamutation egl-30, or of single mutants treated with atropine dur-
ing starvation. Worms of the indicated genotypes were plated either on E. coli
seeded plates (-) or on Comamonas seeded plates (,) after 3 days of starvation.
Introduction of gar-3 or egl-30mutations into gpb-2mutants rescued the sensitiv-
ity, as did treatment with atropine (10 mM) during starvation.CELL METABOLISM : APRIL 2006Starvation and muscarinic signaling activate pharyngeal
MPK-1 through the nPKC- MAPK pathway
We attempted to find the components of the pathway from the
muscarinic signal to MAPK. Protein kinase Cs (PKCs) can be
activated downstream of Gqa and are known upstream activa-
tors of the MAPK pathway (El-Shemerly et al., 1997; Hamilton
et al., 2001; Robbins et al., 1992). In fact, TPA-1, the C. elegans
ortholog of the d/3 form of novel protein kinase C (Tabuse et al.,
1995), was required for muscarinic activation of MPK-1 (Fig-
ure S2). Under the conditions that induce lethality in gpb-2
mutants (3 days of starvation at the L1 stage), starvation acti-
vated pharyngeal muscle MPK-1, and the activation was greatly
reduced in tpa-1 mutants (Figure 6A). Thus, nPKC is necessary
for full MPK-1 activation by starvation in pharyngeal muscle.
nPKC and MAPK mutants rescue the starvation
sensitivity and arecoline sensitivity of gpb-2
Starvation and muscarinic signal activated MPK-1 through
nPKC. To find out if this pathway alsomediates gpb-2 sensitivity
to arecoline and starvation, gpb-2; mpk-1 and gpb-2; tpa-1
double mutants were tested. mpk-1 and tpa-1 mutations sup-
pressed gpb-2 sensitivity to arecoline (Figure 6B) and to starva-
tion, allowing recovery both on E. coli and on Comamonas
(Figure 6C). Treatment with theMEK inhibitor U0126 during star-
vation also rescued the sensitivity of gpb-2mutants, confirming
that the hyperactivation of the MAPK pathway during starvation
contributed to the starvation sensitivity of gpb-2 (Figure 6D).
Pumping rate changes during starvation in a muscarinic
signaling dependent manner
To understand the purpose of the muscarinic signaling to MAPK
pathway during starvation, we measured pumping rate (Fig-
ure 7A). Wild-type worms initially pumped slowly when they
were taken off food, but they increased pumping rate gradually241
A R T I C L EFigure 6. Starvation and muscarinic signal activates pharyngeal MPK-1 through the nPKC- MAPK pathway and mutations in the pathway rescue gpb-2 sensitivity to star-
vation and arecoline
A) Activation of pharyngeal muscle MPK-1 after indicated days of starvation at the L1 stage. Worms in lanes 1–3 had a wild-type genetic background; and lanes 4–6 were
tpa-1 mutants. Three days of starvation activated pharyngeal muscle MPK-1 (p-MPK-1::GFP). In the tpa-1 mutant background, the activation was greatly reduced.
B)mpk-1 and tpa-1mutations rescued gpb-2 sensitivity to arecoline. The number of worms that reached L4 or adult stage on the indicated day were counted and accu-
mulated for the next time point. While gpb-2mutants couldn’t grow at all for 5 days in the presence of 5 mM arecoline, about 30% of gpb-2;tpa-1 and 50% of gpb-2;mpk-1
grew and reached adulthood.
C) mpk-1 and tpa-1 mutations rescued gpb-2 sensitivity to starvation, as shown by improved recovery on both E. coli and Comamonas.
D) Treatment with the MEK inhibitor U0126 (25 mM) during starvation rescued gpb-2 sensitivity to starvation on E. coli and Comamonas.in the first 2 hr of starvation. When the pharyngeal muscle
GAR-3/ MPK-1 pathway was blocked with a gar-3 mutation,
the increase in pumping rate was reduced. Conversely, in gpb-2
mutants, in which the pathway is hyperactive, pumping rate in-
creased more on starvation. These data suggest that activation
of the muscarinic receptor during starvation contributed to the
increase in starvation-induced pharyngeal activity.
Discussion
We showed that starvation activated MAPK in C. elegans feed-
ing muscle through a muscarinic receptor / Gqa / nPKC
pathway. Based on the observation that both starvation and a
muscarinic agonist activated pharyngeal muscle MPK-1, we hy-
pothesized starvation activated muscarinic signaling to MPK-1.
Using the sensitized muscle of a gpb-2mutant that is hypersen-
sitive to muscarinic signaling due to unrestrained Gqa signaling,
we were able to demonstrate the pathway biochemically and
genetically, identifying the muscarinic signal as starvation sig-
nal. We showed that both starvation and muscarinic signaling
caused an identical specific pharyngeal muscle phenotype:
grinder malfunction and unground bacteria. Our results strongly
suggest that this defect in the pharyngeal muscle was the pri-
mary cause of the lethality in gpb-2 mutants because: (1) the
lethality was dependent on the size of food, (2) pharyngeal mus-
cle-specific expression of GBP-2 rescued the lethality, and
(3) overexpressing MPK-1 only in the pharyngeal muscle phe-242nocopied the starved gpb-2 phenotype. Using pharmacological,
biochemical, and genetic approaches, we were able to identify
components of the muscarinic receptor / Gqa / nPKC /
MAPK pathway. gpb-2 sensitivity both to a muscarinic agonist
and to starvation was rescued by inhibition of this pathway,
strongly suggesting that the same pathway mediates starvation
sensitivity of gpb-2 mutants.
This discovery raises interesting questions. For instance,
what is the purpose of muscarinic signal in response to starva-
tion? We propose that pharyngeal muscle, one of the biggest
muscles of C. elegans as well as the most important organ for
feeding, must undergo changes in order to survive starvation
and perhaps to prepare for recovery, and that the muscarinic
signal brings about these changes. The increase of pumping
rate during starvation (Figure 7A) suggests that one change
might be enhanced muscle responsiveness to food. Well-fed
worms decrease the pumping rate when the food concentration
is lowered (Avery and Horvitz, 1990). If starvation persists, how-
ever, the pumping rate increases again even at continued low
food concentration. Increased feeding muscle responsiveness
might be one mechanism that causes this change in behavior.
When starved worms were transferred to food plates, they
showed an enhanced feeding response (a great increase in
pumping rate) compared to worms that hadn’t experienced
starvation (Avery and Horvitz, 1990). This suggests that starva-
tion causes changes in feeding responsiveness so that when
they encounter food, they can eat faster. Considering thatCELL METABOLISM : APRIL 2006
A starvation signal in C. elegansacetylcholine is the major neurotransmitter to effect fast pump-
ing at the pharyngeal neuromuscular junction (McKay et al.,
2004; Raizen et al., 1995), it is plausible that a G protein coupled
muscarinic signal in the muscle might fine tune muscle contrac-
tility under conditions like starvation. Based on these observa-
tions, we suggest a simplified pathway (Figure 7B), summarizing
howmuscarinic signaling toMAPKmight be activated by starva-
tion in order to change muscle physiology.
How does this finding link to muscarinic signaling in other or-
ganisms? In mammals, most muscarinic receptors are involved
in muscle function. For instance, they control heart muscle
and smooth muscle in the digestive tract. The mammalian mus-
carinic receptor with highest similarity to GAR-3, the M3 mus-
carinic receptor, is expressed predominantly in brain and in
muscles of the gastrointestinal tract. Moreover, when the ex-
pression of the M3 receptor is genetically disrupted, the mice
show a lean phenotype due to decreased food intake (Yamada
et al., 2001), analogous to the effect of gar-3 disruption in
C. elegans (Figure 7A). This suggests that muscarinic receptor
function in controlling food intake could be conserved among
animals.
During long-term starvation, autophagy is induced to supply
energy (Lum et al., 2005). Our preliminary data show that during
starvation, autophagy is induced in wild-type pharyngeal mus-
Figure 7. Starvation induces pumping in a muscarinic signaling-dependent
manner
A) Starvation induced pumping in a muscarinic signaling-dependent manner.
Pumping rates increased for first 2 hr in the absence of food. Two mutants defec-
tive in muscarinic signaling showed altered pumping rates compared to wild-type.
gpb-2 mutants, which have upregulated muscarinic signaling, showed a higher
pumping rate, and gar-3 mutants, which have downregulated muscarinic signal-
ing, showed a lower pumping rate than wild-type.
B) A suggested pathway for function of themuscarinic receptor/MAPK pathway
in starvation.CELL METABOLISM : APRIL 2006cle, and more rapidly and strongly in the pharyngeal muscle of
gpb-2 mutants (C. Kang, personal communication). Muscarinic
signal-induced autophagy could contribute both to the ability of
the wild-type to survive starvation and to gpb-2 lethality. We
found that 5 days of starvation killed gpb-2mutants even before
they were fed, and that their extrapharyngeal bodies appeared
severely damaged. This suggests that there could be more
than one mechanisms or places to make gpb-2 mutants sensi-
tive to starvation. We are currently pursuing this in search of an
integrated view of starvation signaling.
Despite the prevalence of feeding disorders from obesity to
anorexia, the identity andmechanism of action of starvation sig-
nals are largely unknown. Our study of starvation sensitivity of
gpb-2mutants and the downstream signaling pathways in feed-
ing muscles suggests that feeding disorders may result from
inappropriate behavioral responses to starvation signals.
Experimental procedures
General methods and strains
Worms were cultured and handled as described previously (Sulston and
Hodgkin, 1988) with the followingmodifications: wormswere routinely grown
on NGMSR plates (Avery, 1993) with nystatin. All worms were maintained at
20ºC on E. coli strain HB101 (Boyer and Roulland-Dussoix, 1969) unless in-
dicated otherwise. The wild-type strain was C. elegans variant Bristol, strain
N2. Mutant strains used were DA541 gpb-2(ad541) I, JD283 gpb-2(ad541) I;
gar-3(lg1201) V, DA2050 gpb-2(ad541) I; mpk-1(ku1) III, DA2051 gpb-2
(ad541) I; tpa-1(k530) IV, DA803 egl-30(ad803sd) gpb-2(ad541) I, DA2038
adIs2038[myo-2p::MPK-1K57R::GFP], DA2052 adEx2052[myo-2p::mpk-1::
GFP], MJ563 tpa-1(k530) IV, JD276 gpb-2(ad541) I; gar-2(by124) III; gar-3
(lg1201) V; gar-1(ad1676) X.
PCR construction of mpk-1::GFP fusion with myo-2 promoter,
myo-2p::mpk-1::GFP construct
myo-2 promoter region (PCR #1) was amplified from pPD96.48 vector (a gift
from A. Fire) using primers 50-GTGGTGGACAGTAACTGTCTG-30 and 50-
AACCGCTTCTCCGTCGGCCATTTTTTCTACCGGTACCGT-30. cDNA clone
yk531h7 from Y Kohara, was used to amplify thempk-1 coding region using
50-GTACCGGTAGAAAAAATGGCCGACGGAGAAGCGGTTATC-30 and 50-
GGTCCTTTGGCCAATAACAGGATTCTGCCCTCCATTATT-30 (PCR #2). gfp
coding DNA containing the unc-54 30 UTR region was amplified from
pPD95.79 using 50-GGTCCTTTGGCCAATAACAGGATTCTGCCCTCCATT
ATT-30 and 50-GTACGGCCGACTAGTAGGA-30 (PCR #3). PCR #2 and # 3
were fused using 50-GTACCGGTAGAAAAAATGGCCGACGGAGAAGCGGT
TATC-30 and 50-GGAAACAGTTATGTTTGGTATATTGGG-30 (PCR #4). Finally,
myo-2 promoter (PCR #1) was fused to the mpk-1::GFP translational fusion
(PCR #4) using 50-TCCTGACCAGGTTGCAATTC-30 and 50-GGAAACAGT
TATGTTTGGTATATTGGG-30. A kinase-dead mutation (K57R) of mpk-1
was introduced to primers 50-ACTCGTGATCGCGTTGCTATCAGAAAGATTT
CTCCA-30 (backward primer) and 50-ATGTTCGAATGGAGAAATCTTTCTGA
TAGCAACGCG-30 (forward primer). Substituted nucleotides are underlined.
PCR construction of wild-type gpb-2 with myo-2 promoter,
myo-2p::gpb-2 construct
1.3 kb of myo-2 upstream sequence was obtained using primers, 50-TCC
TGACCAGGTTGCAATTC-30 and 50-TGGCTGAGAGTTTTCTGGCATTTTTT
CTACCGGTACCGT-30. 3.4 kb of gpb-2 genomic DNA was obtained using,
50-GTACCGGTAGAAAAAATGCCAGAAAACTCTCAGCCAACA-30 and 50-TC
AATCTTACTCTATCTGCTAC-30. Finally these two PCR products were fused
using, 50-GGGTTTTGTGCTGTGGACG-30 and 50-TAGTTGCAGTAATCCGA
TTCAA-30.
Transgenic and integration lines
adEx2052[myo-2p::mpk-1::GFP], carrying an extrachromosomal array of
mpk-1 (cDNA) fused with GFP under the control of the myo-2 promoter,
was obtained by injecting PCR products (20 mg/ml) into wild-type worms.
A myo-2p::mpk-1::GFP DNA construct carrying a K57R mutation in the
mpk-1 gene was injected into wild-type worms and the transgenic lines243
A R T I C L Ewere irradiated with g rays (6500 rad) to produce an integration line,
adIs2038[myo-2p::mpk-1K57R::GFP].
For rescuing gpb-2mutants, amyo-2p::gpb-2DNA construct was injected
into gpb-2mutants at 10 mg/ml with 10 mg/ml of amyo-2p::mpk-1K57R::GFP
DNA construct as a coinjection marker.
For Figure 6A, adIs2038was introduced into the tpa-1mutant background
by crossing.
Chemicals
Arecoline hydrobromide, atropine sulfate salt, nicotine and serotonin creati-
nine sulfate complex were purchased from Sigma. U0126 (a MEK inhibitor)
was purchased from Promega.
Antibodies
ERK1/2 antibody (M5670) and phospho-specific ERK1/2 (p-ERK) antibody
(M8159) were purchased from Sigma. Goat anti-rabbit (sc-2004) and goat
anti-mouse (sc-2055) conjugated to horseradish peroxidase (HRP) were pur-
chased from Santa Cruz Biotechnology.
Arecoline sensitivity assay
As described in Steger and Avery, 2004.
Western blot assay
Sample buffer was made and electrophoresis of proteins was performed as
described (Sambrook et al., 1989) with the following changes. After trans-
blotting, membranes were incubated in blocking buffer (10% nondry milk
and 1% BSA in 0.5% TBST) overnight. Membranes were incubated with an-
tibody in 0.5% TBST (1% milk, 0.1% BSA) at 1:2500 dilution for the primary
antibody and 1:4000 for the secondary antibody. Enhanced chemilumines-
cence (ECL) was used as the method of detection.
Sample preparation of starved worms for Western blot assay
All worms were synchronized by egg preparation (Lewis and Fleming, 1995).
For long-term starvation test (days of starvation), eggs were incubated at
20ºC for 24 hr in M9 buffer. At 24 hr of incubation, approximately 10,000
L1s in 0.2 ml of M9 buffer (50 L1s/ml) were distributed into each of several
1.5 ml microcentrifuge tubes. The sample for ‘day 1 starvation’ was har-
vested immediately. The tubes for further starvation test were placed on
a rocker at 20ºC for indicated times of starvation. After incubation, samples
were harvested by 30 s of centrifugation and kept on ice for 10 min. After
supernatant was removed, samples were kept at –80ºC until western blot
assay. For short-term starvation tests (hours of starvation), worms were syn-
chronized and grown on E. coli seeded plates until they were young adults.
Well-fed worms were washed off the plates, and then washed 2 times with
M9 buffer to remove remaining bacteria. Approximately, 500 adults in
0.2 ml of M9 buffer (2.5 adults/ml) were incubated for the indicated times
(0, 1, 2, 3, and 6 hr). After incubation, samples were harvested and handled
as described above.
Sample preparation of drug-treated worms for Western blot assay
All worms were synchronized and grown until they were young adults as de-
scribed above. Well-fed worms were washed from plates with M9 butter and
further washed twice with the buffer. For each lane approximately 500–1000
adults were incubated for 30min at the indicated concentration of a chemical
dissolved in M9 butter. After drug treatment, samples were harvested and
handled as described above.
Starvation survival (= starvation recovery) assay
After synchronization by egg preparation, approximately 30,000 L1s in 3ml of
sterilized M9 buffer were placed in a 15ml conical tube and left on a rocker at
20ºC for the indicated time. Days were counted from egg preparation: day 1
is 24 hr after egg preparation, day 3 is 72 hr after egg preparation, and so on.
At each time point, a 20 ml aliquot (approximately 200 worms) from each sam-
ple tube was plated on each of three plates seeded with either E. coli or
Comamonas. The tube was returned to the rocker for further days of starva-
tion. Plated worms grew for 3 days, and the number of the worms that
reached L4 or adult stage was counted from each plate. The numbers from
three plates were averaged and recorded. This number from day 1 of starva-
tion was used as control and as the denominator to calculate the percentage244of worms recovering after 3 days of starvation. All results shown are repre-
sentative of at least three independent experiments.
Bacteria preparation for liquid cultivation
A saturated E. coli culture in LB broth was washed three times with M9 buffer
and resuspended in 1/20 volume of the original culture volume of M9 buffer.
This concentrated E. coli culture was added to the liquid culture of gpb-2mu-
tants at 1:1 dilution in order to provide food during incubation.
Drug treatment during starvation test
Atropine treatment: After egg preparation, atropine was added to the sam-
ples during starvation at a final concentration of 10mM. After that, the worms
were handled identically to the worms in the starvation survival assay.
MEK inhibitor treatment: After egg preparation, U0126 dissolved in DMSO
(0.1%) was added to the samples during starvation at a final concentration of
25 mM. The same amount of DMSOwas added to the control starvation sam-
ple. After that, the worms were handled identically to the worms in the star-
vation survival assay.
Photography
Pictures were taken on a Zeiss Axiophot using a MaxCam CM7-2E CCD
camera (Finger Lakes Instrumentation).
Supplemental data
Supplemental data include three figures and a movie and can be found with
this article online at http://www.cellmetabolism.org/cgi/content/full/3/4/237/
DC1/.
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